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Electrospray ionization mass spectrometry (ESI-MS) was used to study the noncovalent 
metallo-enzynae-inlaibitor c mplexes of matrilvsin (a matrix metalloproteinase of mass 
18,720 u) under gentle experimental conditions" and to determine the metal ion association 
stoichiometries in both the free enzyme and the complexes. The metal association stoichiome- 
tries of the free matrilvsin were found to be highly sensitive to solution pH changes. At pH 
2.2 the enzvrne existed as metal-free apo-matrilysin and was not capable of binding an 
inhibitor. Ai pH 4.5-7.0 the enzyme associated specifically with zinc and calcium cations and 
became active in inhibitor binding. Although the stoichiometries of the metal cofactors varied 
(zero to two zinc and/or  calcium ions) in the free enzyme dependent on solution pH, the 
predominant form of the enzyme-inhibitor complexes in the pH range of 4.5-7.0, in contrast, 
always had the metal assoc'iation stoichiometry of 2Zn + 2Ca, which was the same stoi- 
chiometry the most active free metallo-enzyme had at the optimal pH of 7. At the activity 
onset pH of 4.5 matrilvsin existed mostly as ap0-enzyme (but in a conformation different 
from the denatt, red one at pH 2.2) and 1.4ound to an inhibitor slowly (time constant ~ 2.5 
rain) to form the noncovalent mctallo-enzyme-inhibitor c mplex. Of the two inhibitors 
studied, the one with the higher solution binding constant also produced larger ion signals 
for the noncovalent complex in the solvent-free gas phase, which pointed to the feasibility of 
the use of ESI-MS for inhibitor screening studies. (J Am Soc Mass Spectrom 1995, 6, 1105-1111) 
M 
atrilysin (also referred to as pump-1 or 
MMP-7 in the biochemical literature) belongs 
to the matrix metalloproteinase (MMP) fam- 
ily that collectively degrades connective tissue matri- 
ces [1]. MMPs are involved in normal tissue remodel- 
ing, such as growth and wound healing, and have 
been implicated in diseases uch as arthritis and cancer 
[1-12]. It is known [1-12] that MMPs require zinc and 
calcium cations to maintain their structural integrity 
and biological activities, and their metal binding stoi- 
chiometries vary among the enzymes. It is essential to 
study the structural and functional roles of the metal 
cofactors and to determine their stoichiometries in the 
enzyme to gain an in-depth understanding of a met- 
allo-enzyme [1-12]. Due to the medicinal importance 
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of matrilysin, various efforts have been put forward 
for its characterization [1-7], including design of ef- 
fective small-molecule inhibitors for its inactivation. 
Typically these synthetic inhibitors are organic 
molecules of molecular weight (MW) several hundred 
units [4] and they bind to the enzyme noncovalently 
with varying binding constants. The study of the bind- 
ing effectiveness of an inhibitor and its interactions 
with the enzyme plays a key role in the search for 
potential therapeutic agents. 
The electrospray ionization (ESI) technique [13-15] 
has revolutionized biological mass spectrometry in the 
past few years because this extremely soft ionization 
technique generates intact multiply charged ions of 
large, nonvolatile, and labile biomolecules directly from 
solution. The rapid advance of electrospray ioniza- 
tion-mass spectrometry (ESI-MS) has produced a 
wide range of biochemical applications, such as (but 
not limited to) accurate mass measurements of various 
proteins [13-18] and oligonucleotides [16, 19], liquid 
chromatography-mass spectrometry (LC-MS) peptide 
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mapping [20], tandem mass spectrometry structural 
studies of intact proteins [21-23] and oligonucleotides 
[24, 25], characterization of protein conformational 
states [26-29], and detection of short-lived enzyme 
reaction intermediates [30]. Several studies [31-33] also 
have demonstrated that protein-metal interactions and 
binding stoichiometries can be characterized by ESI- 
MS. Further.'nore, it has been shown [29, 34-40] that 
ESI-MS has tile rernarkable capability to produce intact 
gaseous ions from spec(fic noncovalent complexes of 
proteins or oligonucleotides in solution. Although the 
structures and tile binding nature of these noncovalent 
gas-phase complexes, which are of great fundamental 
interest, still are not understood fully, this unusual 
feature of ESI-MS could complement the traditional 
biochemical techniques that characterize nz.vme-in- 
hibitor complexes in solution. In this article we report 
the results of our ESI-MS study on the formation of 
noncovalent complexes between matrilysin and its 
small-molecule inhibitors, and the association stoi- 
chiometries of zinc and calcium cations in the en- 
zyme-inhibitor complexes and in the free metallo-en- 
zymes. 
Experimental 
Mass Spectrometry 
A triple quadrupole mass spectrometer (API III, Sciex, 
Thornhill, Ontario, Canada) was used for tile ESI-MS 
experiments. Only a brief description of tile instrument 
will be given here because more details can be found 
elsewhere [18, 20, 22, 29]. The instrument had a mass- 
to-charge ratio (m/z) range of 2470 and was fitted 
with a pneumatically assisted electrospray (ion spray) 
[16, 41] device. The aqueous sample solution was 
delivered to the electrosprayer at a flow rate of 
1.0 /a,L/min by a syringe infusion pump (Model 22, 
Harvard Apparatus, South Natick, MA). Multiply 
charged protein ions were generated by electrospray- 
ing the sample solution at 4.5-4.8 kV at room tempera- 
ture and under atmospheric pressure. To minimize the 
dissociation of the noncovalent enzyme-inhibitor com- 
plexes in the gas phase by the ion-molecule collisions 
at the atmosphere-vacuum interface region, the volt- 
age on the instrument sampling orifice was reduced, 
from the typical values of 80-120 V to 40-70 V to 
decrease the impact energies of the multiply charged 
ions during the desolvating ion-molecule collisions. 
Materials and Sample Handling 
A recombinant human matrilysin (average MW 18,720 
u), which lacked the C-terminal extension of 
Arg-Lys-Lys  in the amino acid sequence of the wild 
type [5, 6], but retained the biological activity [7], was 
produced by using the procedure previously described 
[7]. ZnC12 and CaC12 (concentrations a high as 5 raM) 
and other buffer salts were introduced at various en- 
zyme preparation and purification stages [7]. To mini- 
mize nonspec{fic cation binding to matrilysin, the en- 
zyme sample was exhaustively dialyzed against three 
batches of 10-raM ammonium acetate buffer solutions 
at pH 7.0 prior to the ESI-MS experiments to remove 
the excess of unbound Zn 2' and Ca" '  ions and other 
ESI-interfering buffer salts. The peptidehydroxamate 
inhibitors used in this study (structures hown in Fig- 
ure 1), BB-16 (MW 393 u), and RS-39066 (MW 435 u), 
were synthesized at Syntex Canada and were used as 
provided without further purification. To effect the 
binding of the inhibitors to matrilysin, tile dialyzed 
enzyme solution at 50-p.M concentration and contain- 
ing 10-raM ammonium acetate buffer was mixed with 
an inhibitor solution at 1:1 molar ratio. To evaluate the 
effects of enzyme conformational changes on the metal 
ion stoichiometry and inhibitor binding, tile solution 
acidity was varied between pH 2 and 7 by using acetic 
acid and/or  ammonium hydroxide titration. Tile en- 
zyme solutions were electrosprayed with the assis- 
tance of a pneumatic nebulizer; spray-enhancing or- 
ganic modifiers, such as popularly used methanol or 
acetonitrile, were not added to the solutions to avoid 
solvent-induced enzyme denaturation. 
Results and Discussion 
Effects qfi Solution pH on the Metal Binding 
of Matrilysin 
The activity of an enzyme typically shows strong de- 
pendence on solution acidity, due in large part to the 
pH-induced conformational changes of tile enzyme. 
Tile effects of solution acidity on matrilysin thus were 
investigated by varying pH from 2 to 7 during the 
ESI-MS experiments. At pH 2.2 (in 10c/( acetic acid) the 
electrosprayed enzyme ions were detected in the form 
of metal-free apo-matrilysin and carried charges that 
ranged from 15+ to 25 + (Figure 2a); no inhibitor 
binding was detected at this pH. When the solution 
pH was increased to 4.5-7.0, a new charge distribution 
of lower-charged ions (charge states only up to 10 + ), 
which resembled the charge distribution of the 
BB-16 
HO'~N~NH4NH/  
, o ~ o~,  
RS-39066 
o / -  o 
C20H31N305, MW 393 Da C22H33N306 , MW 435 Da 
Figure 1. Structures and molecular weights of the noncovalent 
matrilysin inhibitors BB-16 and RS-39066. 
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Figure 2. ESI mass spectra of matrilysin at (a) pH 2.2 (in 10C; 
acetic acid) and (b) pH 7.0 (in 10-mM ammonium acetate). The 
masses of the major species in the spectra are (a) 18,720 + 2 u for 
apo-matrilysin and (b) 18,930 + 2 u for metallo-matrilvsin that 
contains two zinc and two calcium ions. The representative 
charge states of the enzyme ions are shown in the spectra. The 
charge distribution in (b) is truncated due to the limited scan 
range (m/ :  2470) of the instrument. 
enzyme-inhibitor complexes, was observed in the high 
mass-to-charge ratio region of the ESI mass spectrum 
(Figure 2b). Mass calculations, which took into account 
the displacements of hydrogen ions by the divalent 
metal cations, revealed that in addition to the metal- 
free apo-matrilysin, several metallo-matrilysins that 
contain one to two Zn 2+ and/or  Ca 2 ~ ions also were 
present in this pH range (Figures 3a and 3b). The 
association stoichiometry of the metal ions exhibited a 
strong pH dependence. At pH 6.0, despite the shift of 
the charge distribution to the low charge state region, 
apo-matrilysin remained the major species (Figure 3a), 
whereas at pH 7.0 metallo-matrilysin with 2Zn 2+ and 
2Ca 2~ was predominant and apo-matrilysin was barely 
visible (Figure 3b). 
All MMPs require a Zn  2+ ion to assist the catalysis 
reaction at the enzyme active site; they also retain a 
varying number of additional Zn 2+ and Ca 2+ ions for 
structural stability [1-12]. The molar ratio of zinc and 
protein in the matrilysin system recently has been 
determined to be 2.2:1 by the atomic absorption tech- 
nique [3], and stromelysin (a related MMP) has been 
shown, using atomic absorption [3] and ESI-MS [33] 
techniques, to contain two to three zinc ions [3, 33] and 
zero to two calcium ions [33] per enzyme molecule. 
The specificity of the multiple metal binding in ma- 
trilysin and its strong pH dependence could be ratio- 
nalized on the basis of enzyme high-order structures. 
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Figure 3. Partial ES[ mass spectra of various matrilysin species 
detected at pH (a) 6.0, (b) 7.0 and (a, inset) 2.2. The 8 + charge- 
state ions are shown in (a) and (b), and 18+ in (a, inset). The 
association stoichiometries of the zinc and calcium ions in these 
enzyme species are as indicated. 
Specific cation binding in a protein is typically due to 
the cooperative chelating effect of several electron- 
donating amino acids, such as histidine, cysteine, as- 
partic acid, and so forth, that are closely placed in 
space to form a binding pocket. Because these amino 
acids often are separated by larger distances in the 
primary sequence, changes in the tertiary and/or  sec- 
ondary structures could disrupt the metal binding 
pockets of the protein and result in lower binding 
affinities toward the metal cations. Various ESI-MS 
studies [26-29] have shown that denatured proteins 
tend to carry more charges than the proteins in their 
native state. At pH 2.2 matrilysin was acid-denatured 
because it was completely inactive and its ions carried 
as many as 25 protons. Thus, it was not surprising that 
only the apo-matrilysin ions with "denatured" charge 
distribution appeared in the ESI mass spectrum (Fig- 
ure 2a) and no specific metal ion association was 
detected (Figure 3a, inset). At pH 4.5-7.0, the presence 
of the enzyme catalytic activity, the shift of the ESI 
charge distribution to lower charge states, and the 
incorporation of the metal ions all indicated that the 
enzyme had assumed new conformations and the metal 
binding pockets had been formed partially or fully. 
The changing stoichiometry of Zn 2÷ and Ca 2÷ ions 
implied that several populations of the enzyme with 
varying conformational structures existed between pH 
4.5 and 7.0 and the differences in their metal chelating 
environments resulted in a range of binding selectivi- 
ties and efficiencies. 
1108 FENG ET AL. J AmSoc Mass Spectrom 1995,6, l l05 - l l l l  
Formation and Detection t f  Noncovalent 
Enzyme-Inhibitor Complexes 
Although several species of metallo-matrilysin, with 
metal association stoichiometries ranging from one 
Zn 2. or one  Ca 2" to two  Zn  2 ÷ and two Ca 2 . ,  were  
detected (Figure 3), only the two forms that contained 
either two Zn 2÷ and two Ca 2., or two Zn 2. and one 
Ca 2+, appeared to be involved in binding an inhibitor 
(Figure 4). At pH 7.0 matrilysin formed a metallo-en- 
zyme-inhibitor complex with the organic compound 
BB-16, and the metal ion association stoichiometry of 
the major complex (data not shown) was the same as 
that of the major species of the free metallo-enzymes 
(2Zn + 2Ca) at pH 7.0. Ap0-matrilysin was the major 
species in solution at pH 6.0 (Figure 3a), although 
minor metallo-matrilysins that contained a single Zn 2 ' 
or Ca n" ion also were present. Because matrilysin 
remained biologically active at pH 6.0, it could be 
possible that the "native-like" apo-matrilysin also 
might be able to bind the inhibitor. However, upon 
addition of the inhibitor BB-16, the complex that con- 
tained two Zn 2+ and two Ca 2' ions plus one BB-16 
was once again produced as the predominant species 
(Figure 4a). This indicated that the major inhibitor- 
binding form of the several metallo-matrilysins was the 
form that had the metal association stoichiometry of 
2Zn + 2Ca. The optimal pH value for the matrilysin 
catalytic actMty is around 7 [2, 4], and it is no coinci- 
dence that the major species of the free metallo- 
matrilysins that appeared at pH 7.0 (Figure 3b) had the 
same metal association stoichiometry as the major met- 
allo-enzyme-inhibitor c mplex at various pHs. Appar- 
ently, both the pH 7 free enzyme and the enzyme-in- 
hibitor complex possessed the optimal conformation 
for the specific zinc and calcium binding. It was evi- 
dent that the complex formed between the inhibitor 
and the most active 2Zn + 2Ca metallo-matrilysin was 
so much more stable than all other forms of the en- 
zyme that even at nonoptimal pHs it emerged as the 
major species in solution. In other words, the complex 
formation had actually "locked" the enzyme molecule 
in a particular conformation or state due to the stabiliz- 
ing binding interactions. Because no apo-matrilysin 
was detected at pH 6.0 in the presence of the inhibitor 
(Figure 4), complex formation between the inhibitor 
and metallo-matrilysin appeared to be nearly complete 
in solution, despite the nonoptimal conditions used. 
In Figure 4 the metallo-matrilysins that lacked the 
inhibitor (near m/z 2370) on the left side of the in- 
hibitor-containing complexes (near m/z 2420) had the 
metal compositions of 2Zn + 2Ca (major) and 2Zn + 
Ca (minor), which were obviously due to the gas-phase 
dissociation of the noncovalent metallo-enzyme-inhibi- 
tor complexes of the same metal association stoi- 
chiometries because the nonbinding free enzyme 
should mostly appear as apo-matrilysin at pH 6.0 (Fig- 
ure 3a). Such gas-phase collisional dissociations could 
be avoided by lowering the orifice voltage on the 
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Figure 4. Partial ESI mass spectra that show the 8 + charge-state 
ions from the noncovalent complexes of matrilysin with in- 
bibitors (a) BB-16 (labeled as BB) and (b) RS-39066 (labeled as RS) 
at pH 6.0. The zinc and calcium association stoichiometries of the 
detected species are as indicated. The ion signals near m/z 2370 
are due to tile gas-phase collisional dissociation of tile complex 
ions near m/ :  2420 at the relatively high orifice voltage of 70 V. 
Tile vertical dashed line indicates the expected mass-to-charge 
ratio position of the 8 + apo-matrilysin (apo-M.) ion in tile spectra. 
instrument from the typical operating range of 80-120 
V to 40-70 V (Figure 5a). However, these compromis- 
ing conditions often resulted in lower measurement 
sensitivities and broad peaks in the ESI mass spectra 
due to insufficient ion desolvation [29]. Consistent with 
the typical fragility of the gas-phase noncovalent pro- 
tein complexes, merely increasing the orifice voltage 
from 60 to 70 V would cause -50% of the metallo- 
matrilysin-inhibitor complexes to dissociate (Figure 
5b). At 80 V only ~25% of the gas-phase complex 
remained and at 140 V the collisional dissociation was 
complete. However, these collisional experiments did 
not produce apo-matrilysin from either free metallo- 
matrilysins or metallo-enzyme-inhibitor complexes, 
which indicated that the enzyme bound the metal ions 
much more tightly than the inhibitors in the gas phase. 
Surprisingly, the complex ions of the 8 + charge state 
dissociated more readily than those of the 9 + (Figure 
5), which appeared to be opposite to what one would 
expect on the basis of either the Coulombic stabilities 
of the multiply charged complex ions or the activation 
energy uptakes during the ion-molecule collisions. 
In the experiment shown in Figure 4b another in- 
hibitor (RS-39066) was used for the noncovalent com- 
plex formation. The basic features of Figure 4b were 
very similar to those of Figure 4a, except that in the 
former the ion signal due to the major metallo-matrily- 
sin-inhibitor complex was approximately three times 
larger. Notice also that the weaker complex signal on 
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Figure 5. Partial ESI mass pectra that show the 8+ and q+ 
charge-state ions from the noncovalent complexes of matrilvsin 
with inhibitor RS-3g066 at pH 7.0 and at the instrument interface 
orifice w~Itages of (a) 60 V and (b) 70 V. The filled circles (Q) 
represent the maior matrilysin inhibitor complex that has the 
metal association stoichiometrv of 2Zn + 2Ca and the open cir- 
cles ( © ) the inhibitor-lacking mctallo-enzvme of the same 2Zn + 
2Ca metal stoichiometrv due to the gas-pilase collisional dissocia- 
tion of the noncovalen[ complex. The vertical dashed lines indi- 
cate the expected mass-to-charge ratio positions of the 8 + and 
~) + apo-matrilysin ions in the spectra. 
the left side of the major complex signal, which was 
from the enzyme-inhibitor complex having the 2Zn + 
Ca metal association stoichiometry, became more visi- 
ble in Figure 4b. Because RS-39066 has a matrilysin 
binding constant ~ 3 orders of magnitude higher than 
BB-16 (K d < 4 nM), it is expected that the former 
would associate with metallo-matrilysins more tightly 
than the latter in solution. Evidently the order of the 
relative stability of the two noncovalent matrilysin-in- 
hibitor complexes till held true in the solvent-free gas 
phase. The stronger RS-39066-metallo-matrilysin com- 
plexes survived the gas phase collisional desolvation 
process better in the instrument atmosphere-vacuum 
interface region and produced stronger ion signals for 
the intact complexes, which included the weaker com- 
plex that had the 2Zn + Ca metal association stoi- 
chiometry (Figure 4b). However, it was intriguing to 
notice that the relationship between the gas-phase ion 
intensities and the solution-phase binding constants of 
the complexes was not linear (e.g., a difference of 
factor 3 in the former versus that of ~3 orders of 
magnitude in the latter). This perhaps was due to the 
structural changes the complexes experienced uring 
the transition from solution to the gas phase, because 
the original tertiary and secondary structures of the 
complexes in solution might not survive intact in the 
solvent-free gas phase after such a drastic environment 
change. Despite this nonlinearity in relationship, a 
systematic study that uses a wide range of matrilysin 
inhibitors may nevertheless establish a useful correla- 
tion between the data from these two phases and 
further extend the usage of ESI-MS to inhibitor binding 
assays. 
Solution Equilibrium among Apo- and Metallo- 
Enzymes and Enzynle-lnhibitor Complexes 
Although matrilysin is most active around pH 7, its 
enzymatic activities could be detected at pHs as low as 
4.5 and as high as 9.5 [2, 4]. At the onset pH of 4.5 the 
enzyme barely had any activity and ESI-MS measure- 
ments showed that it existed mostly as apo-matrilysin, 
but in a conformation different from the denatured one 
at pH 2.2. It was intriguing to see whether complex 
formation also could be effected at this onset pH. In 
the experiments that followed the inhibitor RS-39066 
was added to apo-matrilysin at pH 4.5 and the ion 
signals of the major matrilysin species were monitored 
at various time intervals. Remarkably, the ion signals 
of the matrilysin-inhibitor complex with the 2Zn + 
2Ca metal association stoichiometry appeared within 
1 min and kept on rising up to 25 min with the 
simultaneous decline in the signal strength of apo- 
matrilysin (Figures 6 and 7). These data showed that 
the distributions of the enzyme species in solution 
were shifting slowly to favor metallo-matrilysins due to 
the complex formation between the inhibitor and the 
enzyme at pH 4.5 (Figure 8). Establishment of the new 
solution equilibrium under such unfavorable condi- 
tions also indicated that the metallo-matrilysin-inhibi- 
tor complexes were more stable than both apo- 
matrilysin and various metallo-matrilysins. From Fig- 
ure 7 the time constant of the equilibrium shift at pH 
4.5 was estimated to be ~ 2.5 min, at which half of the 
ap0-matrilysin had been converted to the metal-con- 
taining enzyme-inhibitor complex. In addition to gain- 
ing insight into the reaction kinetics of the inhibitor 
and metal binding of matrilysin, the data further 
demonstrated that the most active form of the enzyme 
required specifically two Zn 2~ and two Ca 2+ ions for 
inhibitor binding, and the predominant metal associa- 
tion stoichiometry of 2Zn + 2Ca in the enzyme-inhibi- 
tor complex was determined intrinsically by the high- 
order structures of the complex and was pH indepen- 
dent. 
Conclusions 
This study demonstrates that the noncovalent 
protein-metal nd protein-metal-inhibitor c mplexes 
of matrilysin can be detected and characterized by 
using ESI-MS under gentle experimental conditions. 
Encouragingly, the inhibitor with the higher solution 
binding constant also produces larger ion signals for 
the noncovalent complex in the solvent-free gas phase, 
which points to the feasibility of the use of ESI-MS for 
inhibitor screening studies. Additionally, the data il- 
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Figure 6. Partial ESI mass spectra that show the 9 + charge-state 
ions of apo-matrilysin and its noncovalent complex with metal 
ions and inhibitor R5-39066 (labeled as RS) at pH 4.5 and orifice 
voltage of 60 V, and at reaction times of(a) 1 rain, (b) 2 rain, and 
(c) 25 min. 
lustrate that ESI-MS can be used to monitor  an 
enzyme- inh ib i to r  b inding reaction in real time and 
provide useful reaction kinetics information. 
From a bio-analytical point of view, the data show 
that ESI-MS provides a convenient and precise means 
to determine the metal ion association stoichiometries 
in both the free metallo-enzymes and the enzyme-  
inhibitor complexes. The number  of metal ions in the 
free matr i lys in is found to be highly sensit ive to solu- 
tion pH changes (e.g., zero to two Zn 2- and/or  Ca 2. 
ions in the pH range of 6-7). In contrast, the predomi-  
nant stoichiometry of the metal ions (2Zn + 2Ca) in 
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Figure 7. Plots of the relative signal intensities of noncovalent 
metallo-matrilysin-RS-39066 complex ( • ) and apo-matrilysin ( [3 ) 
versus time at pH 4.5. 
En 
Zn 2+, Ca 2÷ Ca2 ÷ 
, En.Zn2-Ca , , En.Zn2.Ca 2 
En-Zn2-Ca-lnh En-Zn2-Ca2-1nh 
Figure 8. Proposed solution equilibrium of various matrilysin 
species. En denotes the ap0-enzyme and lnh denotes the in- 
hibitor. The species hown in boldface are the major enzyme 
forms detected by ESI-MS. 
the enzyme- inh ib i to r  complex is found to be pH inde- 
pendent  (in the complex formation pH range of 4.5-7.0) 
because the sites of the specific metal b indings are 
fundamental ly  establ ished by the enzyme high-order 
structures and secured by the complex formation. Thus, 
determinat ion of the intrinsic metal b inding stoichiom- 
etry in an enzyme via the enzyme- inh ib i to r  complex 
(i.e., using the complex as a flag to signal the presence 
of the opt imal  enzyme conformation) appears to be a 
more reliable alternative to that via the free enzyme. 
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